Abstract. When perovskite-structured BaCe03 is doped with M~+ ions (e.g., ~d~+ , Gd3+, yb33 that substitute on ce4+ sites, oxygen-ion vacancies are created for charge compensation. However, when treated in water vapor, the vacancies are replaced by protons, which take the form of OH' ions. This treatment makes the materials a good protonic conductor. Questions about the defect structure of the protons are here investigated by means of internal friction measurements, at frequencies -6 kHz. As many as three broadened Debye peaks have been found in the temperature range from 200 -500 K, the relaxation strengths of which vary as the square of the dopant concentration. Defect clusters considered responsible include the M(0H) pair and the M2(OH) triplet.
INTRODUCTION
There has been much interest in protons as defects in oxides [1, 2] . The bare proton does not remain in an oxide as a free interstitial, but combines with an 0" ion to form a substitutional O H ion. Recently, it has been found that several oxides of the perovskite structure, of type AB03, can become good hightemperature protonic conductors after protons are introduced [3-51. Such materials can have important applications as electrolytes in high-temperature &el cells and for steam electrolyzers and sensors [6] . The cubic perovskite unit cell is shown in Fig.1 . In order to make possible the introduction of protons, the oxide must be doped with lower-valent cations that substitute on the B sites. In the usual case where B is a 4+ ion, the dopants are of the type M~' and carry an effective negative charge. Examples are SrCe03, SrZr03 and BaCe03 doped with y3+ and rare-earth ions. In such cases, the dopant is charge-compensated by oxygen-ion vacancies, v,", which have an effective double positive charge. However, treatment in water vapor allows the exchange of v," defects by protons, according to the reaction: (Here we are using Kroger-Vink notation, in which a dot is an effective positive , and a dash an effective negative charge.) An important question is then, to what extent the OH' ions associate with the dopant ions M' to form pairs or higher clusters. From Fig. 1 , we can see that the simplest cluster is an M(0H) pair that lies along one of the six <loo> directions.
The association reaction for such a pair is: 
At high dopant concentrations, one can expect to find higher defect clusters in addition to these simple pairs.
Anelastic relaxation provides an important tool for the study of defect clusters containing protons in these oxides. In previous work on Nd-doped BaCeO3, we found a broad internal-friction peak which grew rapidly with increasing ~d~' content [7] . Zimmerman et al. [8] also reported internal-friction peaks for Yb-doped SrCeO3 and SrZr03. In the present paper, we examine the effects of doping BaCe03 with Cid3' and yb3', including a study of dopant concentration dependence in the case of Yb. In addition, we report on internal-friction measurements in complex perovskites with two different B-site ions of the type A3B7B2"09, where B' is divalent while B" is pentavalent. Here charge compensation of protons is achieved through nonstoichiometry (i.e. by varying the B"/B' ratio) rather than through doping. 
EXPERIMENTAL RESULTS
All samples are prepared by ceramic sintering to form bars of dimensions -20 x 3 x 0.6 mm3. Internal friction is measured in flexural vibration of these bars at freauencies close to 6 kHz. Details of the experimental methods have been given elsewhere [7, 9] . Figure 2 illustrates the effects of various pretreatments on the internal friction of 5%Gd-doped BaCe03. It shows at least three peaks following a treatment in water vapor at 600 OC. These peaks are considerably reduced by treatment in vacuum (fore-pump only) and completely eliminated after treatment in a dry l%C0+99%C02 gas mixture at 900 OC.
The three peaks are referred to as the main peak M (at 301 K), the high-temperature peak H (at 408 K) and the low-temperature peak L (at 220 K). They can each be fitted, in a plot versus 1/T, to a broadened Debye peak. The fact that the peaks are lowered or eliminated by vacuum or dry gas treatments shows that all involve protons.
Similar resultsare obtained for Yb doping, except that the low-temperature peak is not well separated. Here the peaks are at 298 K (peak M), 418 K (peak H) and 248 K (peak L). The effect of Yb concentration is shown in Fig. 3 for 3, 5, and 7% Yb. The case of Nd doping had been reported previously [7] . A broad peak was observed for 5%Nd, but it resolved into two nearly equal peaks (at 270 and 340 K) at lower concentrations.
Similar studies were carried out on a number of complex perovskites such as A3(Cal+* Nb2-x)09 (where A denotes Sr or Ba), in which charge compensation for protons comes from nonstoichiometry, i.e.
x > 0. For all such materials , no internal friction peaks were observed in the range from 200 to 400 K, although the internal friction climbs steeply above 400 K. An example is shown in Fig. 4 for the case of Sr3(CaI.l&Ibl.s2)09 pretreated in wet and dry atmospheres, respectively. Table 1 contains a summary of the main peaks observed for Yb-, Gd-and Nd-doped BaCe03. Included is the activation energy E, calculated from the peak temperature assuming a preexponential of 1014 sec". Also listed are the peak height Q, ' of the broadened Debye peak, the broadening factor p by which the peak is wider than the theoretical width calculated from E, and the relaxation strength A=2PQi1. In addition, for the Yb-doped sample, the ratio Nc? is given, showing that this ratio is nearly constant.
As shown in Fig. 2 , the high-temperature peak, for which the activation energy is -0.76 eV, is very sensitive to pretreatments, disappearing more rapidly than the main peak with reduction of H20 pressure. It also varies with dopant concentration in a more complex manner than the main peak, showing the highest value for 3% Yb (see Fig. 3 ). The low-temperature peak is not so well defined and is not well reproduced. It will, therefore, not be given detailed consideration until it is firther studied. 
DISCUSSION
The results of this work may be summarized as follows. As many as three broadened Debye peaks have been found near 300 K (for 6 kHz frequency) for variously doped BaCe03, all of which are due to defect clusters involving protons. Similar results have also been found for doped SrCe03 and SrZr03 [8] . Strikingly, no such peaks have been found for complex perovskites, where the compensation for the protons takes the form of nonstoichiometry rather than dopant ions. This result strongly indicates that M~' dopant ions as well as protons are required for the peaks. The principal peak has an activation energy close to 0.56 eV, and its relaxation strength varies with dopant concentration c, faster than linear, in fact, close to c?. Since the isolated O H ion has the symmetry of the lattice, all peaks must originate in clusters containing both dopants and O H ions. The simplest such cluster is the M(0H) pair, which possesses a <loo> orientation, as can be seen from Fig. 1. (Actually BaCe03 has an orthorhombic structure which is slightly off cubic [lo] , but for present purposes we shall treat it as pseudo-cubic.)
While internal friction depends on clustered defects, information from ionic conductivity o is related to free defects, since o (=nep) depends directly on n the density of free carriers, in this case of unassociated protons. (Note that p, the mobility is related to the hopping rate of the protons.) A key question is whether n is independent of T, or dependent on T as in Eq.(5). The best evidence from conductivity studies suggests the former possibility and thus, that the activation energy E, of the conductivity is simply the migration energy of the free carriers. This value is 0.55 _+ 0.01 eV which is very close to the value of 0.56 eV obtained for most of the main peaks (see Table 1 ).
If the main peak reported here is due to the M(0I-I) pairs, we can explain both the conductivity and internal friction behavior by assuming that the limit of weak association applies. (See the Introduction, above Eq.(5).) For in this case, we obtain n = [OH] independent of T while A a [PI a c :
.
It is also understandable that the activation energy E for relaxation of these pairs will be close to E,, the value for hopping of free protons. In addition, &om the relaxation strength A we can calculate 61, the appropriate elastic dipole strength [ll] . Thus, if we assume for 5% dopant that the concentration of pairs is -0.5%, we obtain a value 61L -0.08. Such a value is somewhat large, but still in a reasonable range [l 11.
More complex defect configurations are also required to explain the other peaks as well as the broadening of the main peak. An interesting candidate is the M2(0H) triplet. Here an M2 pair has two effective negative charges and, therefore, has a strong attraction to an OH' defect. It is, therefore, reasonable to assume almost complete association of this defect. Since the concentration of Mz pairs is a c?, we then obtain a concentration of such triplets proportional to c?. However, the M2 pair may have a strong affinity for any residual v," defects (see Eq.(l)), thus making the concentration dependence of M2(0H) triplets more complex.
The difference in behavior of the three dopants (~d~' , yb3' and ~d~' ) may be related to the differences in their ionic radii, which affects the association energy, EA, as well as 61L. While all three dopants have ionic radii larger than that of ce4', ~d~' has the largest ionic radius and in fact behaves somewhat differently from the other two with regard to its internal fiction peaks.
In conclusion, these internal fiction studies show that substantial clustering occurs between protons and dopant ions in doped BaCe03.
